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Introduction
manner. One possibility is that a single xl-mtTFA molecule may be able to bind the promoter activation site in Transcription of Xenopus laevis mitochondrial DNA two orientations to interact with the basal transcription requires two factors for efficient promoter utilization apparatus at either one or the other promoter. Alternatively, in vitro in addition to mitochondrial RNA polymerase mtTFA may bind as a symmetrical multimer to DNA to (Antoshechkin and Bogenhagen, 1995) . One of them, xlinteract with the basal transcription machinery on both mtTFB, is necessary for basal transcription. It acts as a sides. Previous physical studies of mtTFA reported a specificity factor, which allows RNA polymerase to locate sedimentation coefficient of 2S for both Xenopus and and initiate transcription from a minimal octanucleotide human mtTFAs, suggesting that both proteins were monopromoter encompassing the transcriptional start site mers (Mignotte and Barat, 1986; Fisher and Clayton, (Bogenhagen and Insdorf, 1988; Bogenhagen and 1988) . However, we found that xl-mtTFA had anomalous Romanelli, 1988; Bogenhagen, 1996) . The second protein, sedimentation behavior and found it necessary to employ an HMG box-containing transcription factor xl-mtTFA, is other methods to study its quaternary structure. In this responsible for activated transcription. Xl-mtTFA interacts paper, we use high resolution scanning transmission with multiple DNA sequences surrounding Xenopus mitoelectron microscopy (STEM) and complementary biochondrial promoters and causes up to a 10-fold stimulation of promoter utilization in vitro. Deletion analysis of the chemical analyses to elucidate the structure of xl-mtTFA bound to mitochondrial DNA. Our results demonstrate that xl-mtTFA binds to the promoter activation site preferentially as a tetramer. We have also identified a bipartite motif with partial homology to binding sites of such sequence-specific HMG-box proteins as Sry and Lef-1 that may be a preferred recognition sequence for the xlmtTFA tetramer.
Results

Co-immunoprecipitation of epitope-tagged xl-mtTFA
To test whether xl-mtTFA forms a dimer or a higher order structure, we co-expressed two mtTFA derivatives with different peptide tags to determine whether both derivatives would co-precipitate with an antiserum directed against one of the two epitopes. Xl-mtTFA was cloned into two expression vectors which allow production of the protein in soluble form fused at the N-terminus to either T7-Tag or S-Tag peptides ( Figure 1A ). T7-Tag is an 11 amino acid peptide representing the natural N-terminal end of the T7 major capsid protein. A mouse monoclonal antibody directed against this peptide is commercially available. S-Tag is a 15 amino acid peptide derived from pancreatic ribonuclease A. It is able to associate with a 104 amino acid S-protein to form an enzymatically active complex. This interaction makes it possible to detect recombinant proteins carrying the S-Tag using the S-protein (Kim and Raines, 1993) . The two expression vectors carrying different selectable markers for ampicillin and kanamycin resistance were cotransfected into Escherichia coli BL21 cells and bacterial colonies harboring both plasmids were selected. Cells carrying both constructs were treated with IPTG to induce protein expression and lysed. Protein complexes were precipitated with the antibody directed against the T7-Tag, as described in Materials and methods. Proteins were fractionated by SDS-PAGE, transferred onto a membrane, and S-Tag fusion proteins were visualized with alkaline (lane 1). No S-tagged protein was precipitated in control blot was probed for xl-mtTFA labeled with the S tag using alkaline experiments when the T7 antibody was omitted (lane 2) phosphatase-conjugated S protein. Reactive species were detected with colorimetric reagents, as described in Materials and methods. or when the cells expressed only the S-Tag construct (lane 3). This shows that precipitation is dependent on the presence of both the anti-T7-Tag antibody and the epitope tag. These results argue that xl-mtTFA associates into mtTFA sedimented with a coefficient of~2S, expected for a globular protein with a molecular weight of~30 kDa. multimers under physiological conditions. However, they do not address the question of the number of subunits in To explore the possibility that a multimeric form of xl-mtTFA might dissociate to smaller subunits during the native molecule.
To study the quaternary structure of xl-mtTFA, we first sedimentation, we also subjected cross-linked xl-mtTFA to sedimentation analysis. Cross-linking did not affect the used gel filtration and glycerol gradient centrifugation. Gel filtration analysis performed at various salt concentrations, sedimentation properties of xl-mtTFA but did show that complexes as large as tetramers sedimented at 2S. This using both Superdex 75 and Superose 6 matrices (Pharmacia), showed that xl-mtTFA interacted strongly suggested that the apparent slow sedimentation is caused by the irregularity of the protein shape (data not shown). with the column resins, preventing unambiguous determination of the Stokes' radius. Glycerol gradient sediWe concluded that the anomalous behavior of xl-mtTFA does not permit a rigorous determination of the quaternary mentation was also used, since this is a conventional method that has been used to suggest that HMG1 proteins structure of xl-mtTFA using these techniques. can associate as tetramers under some conditions (Alexandrova and Beltchev, 1987) . We performed sediIn vitro cross-linking of xl-mtTFA Chemical cross-linking is a widely used technique for mentation experiments with xl-mtTFA at salt concentrations ranging from 50 to 500 mM NaCl. In all cases, xlprotein structural studies. One of the most common experiments we never observed complete cross-linking of protein to a single multimeric species (e.g. to a tetramer). It is frequently difficult to drive chemical cross-linking reactions to completion, since accessible amino groups on the protein may form mono-adducts with cross-linker molecules that are unable to react with a second amino group in the protein. We have observed a similar pattern of partially cross-linked forms of mitochondrial SSB, which is known to be a stable tetramer (Mikhailov and Bogenhagen, 1996; other unpublished data) . However, the apparent incomplete cross-linking may also reflect an equilibrium distribution of xl-mtTFA in tetramers and smaller oligomeric species. In summary, these crosslinking experiments do not provide a clear model for the quaternary structure of xl-mtTFA but do show that the protein exists in complexes as large as tetramers in the absence of DNA.
EM and STEM show xl-mtTFA forms a specific complex at the promoter activation site STEM allows direct visualization and molecular mass measurement of free proteins and protein-DNA complexes (Mastrangelo et al., 1989; Stenger et al., 1994 molecules scanned at 2.5 Å intervals (Wall, 1979) . This heterogeneous intra-and intermolecular cross-linking.
method provides a direct measurement of the mass of macromolecules. We employed STEM to study xl-mtTFA binding to a site referred to as the promoter activation cross-linking reagents is dithiobis(succinimidylpropionate) (DSP), also known as Lomant's reagent (Park et al., site, which is located between the two major mitochondrial promoters HSP1 and LSP2 in the control region of 1986; Tarvers et al., 1982) . DSP is a homobifunctional N-hydroxysuccinimidyl ester which reacts with primary Xenopus mtDNA. Binding of xl-mtTFA to this site was identified previously by DNase I footprinting and shown amines commonly found in proteins at physiological pH. It has a relatively short spacer arm that positions the two to stimulate transcription from HSP1 and LSP2 promoters in vitro (Antoshechkin and Bogenhagen, 1995) . reactive groups 12 Å apart and minimizes non-specific cross-linking of proteins. We used this reagent to study To devise conditions under which the specific binding of xl-mtTFA to the promoter activation site was preserved the multimeric structure of xl-mtTFA in vitro.
Purified recombinant xl-mtTFA was treated with DSP, during EM, we carried out preliminary experiments using TEM. A pUC9 plasmid carrying the XLMT 895/988 run on an SDS-polyacrylamide gel, and detected by Western blotting, as described in Materials and methods.
construct, which contains both mitochondrial promoter regions separated by the single xl-mtTFA binding site, The gel analysis of DSP-treated xl-mtTFA revealed a ladder of cross-linked species with apparent gel mobilities was cut with AflIII and NdeI to produce a 682-bp DNA fragment ( Figure 3A) . In preliminary experiments, we consistent with dimers, trimers and tetramers (lane 2 of Figure 2 ). The putative multimers as well as monomeric found that glutaraldehyde cross-linking was required to keep xl-mtTFA complexed with DNA. The reaction condimtTFA migrated as diffuse bands presumably due to intramolecular cross-linking and formation of monotions were otherwise similar to those used in DNase I footprinting experiments. After 10 min incubation, reaction adducts by DSP. Longer incubation times or higher concentrations of DSP did not significantly increase the efficiency mixtures were treated with 0.1% glutaraldehyde for 2 min and aliquots were deposited on EM grids. Position histoof the reaction. As shown in lane 3 of Figure 2 , the crosslinking pattern is not specific for DSP, since treatment with grams of xl-mtTFA bound to the 682-bp DNA fragment obtained by TEM and STEM are shown in Figure 3B and glutaraldehyde, another bifunctional cross-linker, yields a similar oligomeric ladder. Comparable results (data not C respectively. The histograms demonstrate that, under the experimental conditions used in both TEM and STEM shown) were obtained with other cross-linkers such as disuccinimidyl suberate (DSS) and N-succinimidyl-6(4Ј-experiments, xl-mtTFA binds predominantly at the specific promoter activation site. azido-2Ј-nitrophenyl-amino)hexanoate (SANPAH). DSP treatment at salt concentrations as high as 1 M KCl did not change the relative abundance of cross-linked STEM identifies xl-mtTFA tetramers at the promoter activation site oligomers. The proportion of cross-linked tetramers was not increased when cross-linking was performed in the STEM mass histograms of free and DNA-bound xl-mtTFA are shown in Figure 4A and B respectively. Free xlpresence of a DNA fragment containing a binding site for xl-mtTFA (data not shown). In all of our cross-linking mtTFA is distributed in prominent peaks corresponding Histograms show STEM mass measurements of (A) free protein deposited on EM grids and (B) xl-mtTFA bound to the promoter activation site. Mean masses and standard deviations of Gaussian curves fitted to peaks and the number of molecules are indicated. The inset in (A) plots mean mass versus the oligomer number and defines a mass ladder (Mastrangelo et al., 1989) . The slope of the regression line, 28.5 Ϯ 1.1 kDa, is the monomer unit mass.
to monomers, dimers and tetramers, with minor peaks representing trimers, hexamers and octamers. In the inset of Figure 4A , the slope of the mass ladder is 28.5 Ϯ ation site is shown in Figure 4B . Protein mass was derived from the total complex mass by subtracting the DNA mass, This bending is consistent with the known DNA-binding properties of human and yeast mtTFA (Diffley and assuming a direct DNA pathway through the complex. The mass of protein complexes was not changed significantly Stillman, 1992; Fisher et al., 1992) , as well as with the general model of interaction between HMG-box proteins by tracing a curved path for the DNA through the complex. Furthermore, the length of DNA covered by mtTFA and DNA (Haqq et al., 1994; Love et al., 1995) . XlmtTFA molecules bound to DNA ends in 10 out of 138 tetramers averaged 41 Ϯ 8 bp, in good agreement with the 35 bp DNase I footprint of mtTFA bound to this complexes. Binding to intersections of two DNA molecules outside the promoter activation site was seen in five cases. site. The distribution presents a striking contrast to that observed for free xl-mtTFA in that it is dominated by a These observations are in agreement with findings that HMG-box proteins bind to irregular structures such as 123 kDa peak, which corresponds to an xl-mtTFA tetramer. Three other peaks can be discerned with mean masses of four-way junctions, kinked DNA and broken DNA with high affinity regardless of sequence (Grosschedl et al., 60, 85 and 217 kDa. These data indicate that xl-mtTFA binds to the promoter activation site primarily as a tetramer.
1994; Baxevanis and Landsman, 1995; Churchill et al., 1995; Peters et al., 1995; Teo et al., 1995) . This binding STEM micrographs show in the majority of cases that binding of xl-mtTFA at the promoter activation site represented a minor fraction of all complexes and was not included in the histogram in Figure 3C . produces a sharp bend of the DNA duplex ( Figure 5 ).
Discussion
We used three different approaches to resolve the quaternary structure of xl-mtTFA. First, immunoprecipitation experiments with two differentially tagged xl-mtTFA variants showed that the protein molecules interacted with each other in solution under physiological conditions. Second, chemical cross-linking with various reagents identified multimeric forms of xl-mtTFA, with a significant fraction of cross-linked species having a gel mobility expected for a tetramer. Third, STEM mass measurements demonstrated that the protein binds to the promoter activation site predominantly as a tetramer. We propose that binding of the xl-mtTFA tetramer to the promoter activation site presents identical surfaces for interactions with the basal mitochondrial transcription machinery on both sides. Bidirectional transcription activation would be provided equally well by either a stable xl-mtTFA tetramer or a combination of two dimers. It is likely that bending that X.laevis ovary mitochondria contain~200 molecules of xl-mtTFA per molecule of mtDNA. This corresponds to~90 bp of DNA per mtTFA monomer. If mtTFA bound as a monomer with~35 bp for each binding site, more The native structure of the protein-DNA complex than one-third of mtDNA would be covered by mtTFA.
is preserved in fixed complexes
The observation that mtTFA actually binds as a tetramer Treatment of protein-DNA complexes with glutaraldehyde permits a more accurate calculation of the fraction of is frequently necessary to preserve them during harsh mtDNA covered by mtTFA. With the tetramer model, 200 preparation procedures for EM (Mastrangelo et al., 1989, molecules of mtTFA would bind as~50 complexes, each 1991, 1993; Stenger et al., 1994) . However, it is conceivoccupying~35 bp. This arrangement leaves a much larger able that fixed complexes differ from the native ones. To fraction of mtDNA free of mtTFA. It is interesting to note address this possibility, we compared structures of xlthat this number of mtTFA complexes agrees well with the mtTFA-DNA complexes in the presence and absence of results of EM studies of mtDNA nucleoprotein complexes glutaraldehyde using a gel mobility shift assay.
isolated from Xenopus oocytes, in which an average of A 32 P-labeled 42-bp duplex oligonucleotide containing 48 globular particles interconnected by bare DNA were the promoter activation site was incubated with xl-mtTFA found per mtDNA molecule (Pinon et al., 1978) . It remains in two identical reactions. Glutaraldehyde was added to to be established whether these complexes represent one reaction at a final concentration of 0.1%. Both binding mtTFA tetramers. It is possible that vertebrate mitochonreactions were subjected to electrophoresis on a native dria contain other DNA binding proteins similar in abundpolyacrylamide gel. Free DNA and DNA-protein comance to mtTFA, as has been reported for yeast mitochondria plexes were detected by autoradiography ( Figure 6A ). The (Newman et al., 1996) . electrophoretic mobility of protein-DNA complexes was Binding of mtTFA may be important for specific strucnot altered by glutaraldehyde treatment. This strongly turing of regulatory regions of mtDNA. A 500 bp segment argues that the structure of the complexes is not perturbed of the D-loop region, containing major promoters for by the fixation procedure. The bands that correspond to transcription of both light and heavy mtDNA strands, as the protein-DNA complexes were excised, and their well as the heavy strand origin of replication and conserved protein content was analyzed by SDS gel electrophoresis sequence blocks 2 and 3, has at least six binding sites for followed by Western blotting, as described in Materials xl-mtTFA (Antoshechkin and Bogenhagen, 1995) . Two of and methods. The complexes formed in the presence these documented binding sites provide DNase I footprints of glutaraldehyde contain cross-linked xl-mtTFA species twice as large as the~35 bp footprint of a single xlconsistent with dimers and tetramers of xl-mtTFA (Figure mtTFA tetramer and presumably result from binding of 6B). Given the preponderance of tetramers observed by two tetramers. The clustering of as many as eight xl-STEM at the same binding site, we conclude that xlmtTFA binding sites in the control region suggests that mtTFA binds to this site as a tetramer which is incompletely xl-mtTFA may regulate other processes involved in exprescross-linked by glutaraldehyde. However, we cannot rule sion and replication of the mitochondrial genome. This is out the possibility that the tetramer has a substructure consistent with the observation that deletion of the mtTFA gene in S.cerevisiae causes loss of mtDNA, even though consisting of two dimers of xl-mtTFA.
motif. The half-sites are separated by approximately three to seven base pairs and are inverted with respect to one another, thus forming a binding site with dyad symmetry. Both motifs are not always present and their combination may differ in any particular binding site, consistent with the hypothesis that each of these elements is recognized separately by an individual HMG box, or pair of boxes, and that not all HMG boxes make specific DNA contacts.
The degenerate A:T or T:A base pairs included as W residues in the motif sequences present similar interacting surfaces in the minor groove of the DNA helix. Methylation interference analysis of the promoter activation site shows that minor groove modification of practically all adenines affects xl-mtTFA binding affinity (I.Antoshechkin, data not shown), as expected since HMGbox proteins are known to interact with the minor groove (van de Wetering and Clevers, 1992; Werner et al., 1995) . Further experiments will be required to determine the contribution of individual base pairs and the spatial relationship of motif sequences to the relative strength of interaction of xl-mtTFA with DNA. It is unlikely that all eight HMG boxes present in a tetramer of xl-mtTFA will make similar contacts to the DNA. In this respect, xlmtTFA may resemble the RNA polymerase I transcription factor UBF, in which some HMG boxes do not appear to contact DNA (Jantzen et al., 1992) .
It is interesting to note that one of the proposed (Churchill et al., 1995) . These data argue that at least some bottom show how many residues out of 13 match the consensus proteins with multiple HMG-box domains are capable of sequence.
sequence-specific binding, and that the mechanism of sequence recognition is similar to that of the single HMGsc-mtTFA does not appear to function as a transcription box-containing proteins. For some proteins, the combined factor (Diffley and Stillman, 1991) . interaction energy of several HMG boxes with non-specific DNA may be sufficient to permit stable binding. For Dyad symmetry in xl-mtTFA binding sites others, a single HMG box may provide a strong enough Previous analysis of the binding specificity of xl-mtTFA interaction with specific DNA to permit sequencedid not identify a clear consensus sequence for protein specific binding. recognition. Our observation of the tetrameric nature of xl-mtTFA led us to re-examine the structure of its binding sites for the presence of symmetrical sequence motifs.
Materials and methods
The tetrameric nature of xl-mtTFA suggests that a binding site might be composed of short repetitive sequences Department of Energy, Office of Health and Environmental Research reactions were stopped by adding Tris pH 8.0 to a concentration of (I.A.M.). The Brookhaven STEM is an NIH Biotechnology Resource, 100 mM. 60 µl of sample loading buffer lacking DTT was added.
RR0177. The reactions were boiled for 4 min and loaded onto a 10% SDSpolyacrylamide gel. Protein was detected by Western blotting using rabbit polyclonal antibody against recombinant xl-mtTFA and an alkaline References phosphatase-conjugated goat anti-rabbit antibody. Alexandrova,E.A. and Beltchev,B.G. (1987) Fisher,R.P. and Clayton,D.A. (1988) Purification and characterization of Specimens for both types of EM were prepared and scanned as described human mitochondrial transcription factor 1. Mol. Cell. Biol., 8, (Mastrangelo et al., 1989 (Mastrangelo et al., , 1991 Stenger et al., 1994) with the following 3496-3509. modifications: the DNA fragments were electroeluted from acrylamide Fisher,R.P., Topper,J.N. and Clayton,D.A. (1987) Promoter selection in gels; 0.1% glutaraldehyde was used for stabilization of protein-DNA human mitochondria involves binding of a transcription factor to complexes; the complexes were not column purified but deposited orientation-independent upstream regulatory elements. Cell, 50, directly onto grids. Photographic negatives obtained in TEM experiments 247-258. were scanned using a Bio-Rad densitometer to generate files suitable for Fisher,R.P., Lisowsky,T., Parisi,M.A. and Clayton,D.A. (1992) DNA further analysis. STEM complexes were scanned in 0.5 µm fields. Large wrapping and bending by a mitochondrial high mobility group-like angle electron count data from STEM were subjected to local weighted transcriptional activator protein. 
